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Foreword

The Consultants' Meeting on 'Modern Trends in Ion Source Development for
Low-Energy Accelerators' was held at IAEA Headquarters in Vienna on 17-20 March
1998. This document is one outcome of that meeting. The document is destined to be
sent to accelerator laboratories in Agency Member States, particularly to those in
developing Member States, in keeping with Recommendation 4 of the meeting.

The technical papers at Attachment 4 are as submitted by the consultants, with
little or no editing by the IAEA. The acronyms 'ECRIS' and 'ECR' are used
interchangeably throughout the document (for 'electron cyclotron resonance ion source').

The IAEA is grateful to the five consultants for their unstinting hard work and
acknowledges the high level of expertise which they demonstrated. (The consultants'
names and contact details are given at Attachment 2). The IAEA officer responsible was
R.L. Walsh, Physics Section, Division of Physical and Chemical Sciences, Dept. of
Research and Isotopes.
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1 Introduction

Many would say that the most important part of an accelerator system, and also
the most 'tricky' part, is the ion source. Over the last two decades or so there has been a
rapid growth in research on and development of accelerator ion sources. This has been in
parallel with the rapid growth in the applications of accelerators. For example, the fields
of particle accelerator physics, ion implantation and materials modification, and
controlled fusion research have each contributed greatly to the growth in ion source
development.

The requirements of ion sources in accelerators are many and varied. They should
have: high current and brightness; provision of a good range of masses (where required),
up to and including the actinides; optimum phase space; energy and current stability;
reliability; ease of maintenance; etc. Given that there are a number of different types of
accelerators used, each with its own peculiarities and applications, it is clear that the
development of ion sources for them covers a wide field.

The characteristics of an ion beam out of a source are determined by the source
plasma and the extractor of the source. The ion current is determined by the plasma
density, the plasma electron temperature, the extraction voltage and the extractor
geometry. All these different parameters are therefore important in designing and
optimising sources.

To review the status of ion source development for low-energy accelerators (i.e.
accelerators producing particle energies of less than 100 MeV), a Consultants' Meeting
on 'Modern Trends in Ion Source Development for Low-Energy Accelerators' was held
at IAEA Headquarters, Vienna on 17-20 March 1998. The terms of reference of this
consultants' meeting were:

• to review the status of ion source development for several different types of low-
energy accelerators (e.g. Van de Graaff, cyclotron, sealed-tube neutron generator, ion
implanter, etc.);

• to highlight any recent advances in this field; and

• to prepare a report of the meeting. This report would serve as the basis for a technical
document on this topic - a technical document which could be sent to accelerator
laboratories in Agency Member States.



The consultants and their ion source specialties were:

Dr. R. Hellborg, University of Lund, Sweden Ion sources for Van de Graaff
accelerators

Dr. R. Leroy, GANIL, France ECR and radioactive ion
sources for cyclotrons

Dr. K.-N. Leung, Lawrence Berkeley Lab, USA Ion sources for neutron
generators

Dr. E. Oks, High Current Electronics Institute, Ion sources for ion implanters

Tomsk, Russian Federation

Dr. A. Schempp, Goethe University, Ion sources for RFQ

Frankfurt, Germany accelerators and for
cyclotrons

The Scientific Secretary for the meeting was R.L. Walsh, Physics Section,
Division of Physical and Chemical Sciences, Dept. of Research and Isotopes, IAEA.

At the meeting, Dr. Hellborg was elected to be Chairman of the meeting and
Dr. Leung was elected to be Rapporteur.

The 'Information Sheet' for the meeting is shown at Attachment 1. The contact
details of the participants are given at Attachment 2 and the meeting agenda at
Attachment 3. The technical papers contributed by each participant are given at
Attachment 4.

2 Ion Sources for Electrostatic Accelerators

2.1 Status

Ion sources that are commonly used in electrostatic accelerators - both single
stage and two stage (i.e. tandems) - can be summarized as follows:

Ion sources used for single stage accelerators have normalized beam emittance of
up to 6 - 8 71 mmxmradx(MeV)'/2 [for 80-90% of the beam] with transported beam current
from several hundred f̂ A to a few mA. Positive ion sources used in single stage
accelerators include (1) the radio-frequency (rf) source for gaseous materials. This type of
source has thousands of hours of lifetime and generally produces beam current up to 1
mA. The rf-source requires less than 150 W power for normal operation. (2) The
duoplasmatron source for gaseous materials with beam currents up to 10 mA. This type of
source requires higher power in the high voltage terminal and operation is limited by the
lifetime of the filament. (3) The Penning Ionization Gauge (PIG) source, which has been
used for multiply charged gaseous ion production with currents up to mA range. (4) The



Nielsen source for beam generation from solid materials. (5) the liquid metal ion source
for high brightness beam production (B>106 A/cm2xSr). This source is useful for
applications that require small beam sizes with current densities of 1 to 10 A/cm2. Its
lifetime is limited to a few hundred hours. (6) The electron cyclotron resonance (ECRIS)
source is used for high charge state ion beam production.

The beam emittance of the negative ion sources required for the tandem
accelerator operation is typically less than 5 - 10 n mmxmradx(MeV)1/2, which can satisfy
the phase space acceptance of the tandem systems. The ions are generated either by
double charge exchange or directly from a negative ion source. An rf source or a
duoplasmatron and alkali metal vapors (Li, Na, K, Rb and Cs) are used for the double
charge exchange processes. Sputtering sources of different types are commonly used for
the tandem. They produce negative ion current up to 100 |aA, with 70% of the beam
emittance less than 5 n mmxmradx(MeV)1/2.

2.2 New source development

A new sputtering type negative ion source has recently been developed in the
University of Lund for accelerator mass spectrometry (AMS) applications. This source
uses cesium glass ampoules with an automatically cracking system. Therefore no glove
box is needed for handling the dangerous cesium. In order to maximize the negative ion
current and to allow the sputtering to occur over the whole sample area, the sample holder
has a mechanism for moving the sample relative to the cesium beam. The new source is
also equipped with a multiple sample holder, enabling fast sample switching. The new
Lund sputtering source operates with long-term (several days) stability better than 5%
and short term stability (less than an hour) better than 1%. It has an ionization efficiency
of 3% for carbon and has no detectable memory effect.

Negative ion sources are now being developed for radioactive ion beam
applications in a cyclotron-tandem system. Here, the positive radioactive ion beam from
an ISOLDE type source (placed after the cyclotron) is converted into negative ions in a
charge exchange cell for injection into the tandem.

A combined secondary ion mass spectrometry (SIMS) and AMS system is being
developed for microbeam generation which can be employed in semi-conductor,
geological material analysis, mineral exploration and biomedical applications. The
specimen is scanned pixel by pixel (1x2 |am2), generating an image in a manner
analogous to that of a scanning electron microscope.

2.3 Future directions

• High current cesium ion sources are useful for AMS as well as for the combined
SIMS+AMS systems.

• In AMS systems, beam loading of the accelerator can be resolved by chopping the
high current stable isotope (e.g. 12C) current before the beam enters the high voltage
column.



• The gaseous sputtering sources can become a good ion source candidate for AMS
systems if the memory effect (i.e. cross contamination) can be resolved. This can be
accomplished by using a replaceable target, one for each gas sample and maybe by
using a hot liner on the source chamber wall.

• The sputtering energy in sputtering sources should be optimized for ion optics and
lifetime. In addition, cesium contamination and sample change procedures could be
improved to enhance the efficiency of the system.

• The filament lifetime in the duoplasmatron source should be improved.

• For single stage machines, the liquid metal source can be a great improvement for
different types of microbeam analysis, if the technical complexity of the source can be
reduced and the lifetime increased.

3 Electron Cyclotron Resonance Ion Sources (ECRIS) for Cyclotrons
and Radioactive Beam Production

3.1 Current status and recent advances of ECRIS for stable ion beam
production

During the last two decades, ECRIS sources have been used for the production of
multiply-charged stable ions for cyclotron operation. ECRIS are able to ionise all
elements, making these sources very attractive for accelerator applications. Currently,
these sources produce all types of gaseous or non-volatile ion beams, with charge states
and intensities sufficient for most nuclear physics or atomic physics applications.

However, the demand of ECRIS for stable ion beam production has greatly
increased. There are three areas of the source that are drawing attention: optimization of
the charge state distribution, production of high intensity of non-volatile ion beams, and
the reduction of the construction cost and power consumption of the ECRIS operation.

3.2 Possible improvements of the ECRIS for stable ion beam production

Some recent advances have been obtained in the enhancement of the high charge
state currents by using superconducting coils to increase the magnetic field and by
increasing the volume of the source. Other techniques for source improvement such as the
injection of higher microwave frequencies or by mixing multiple frequencies inside the
source are now being investigated.

For the production of high intensities and high quality non-volatile ion beams,
developments have been made to couple vapour-production systems with the ion source
(oven, plasma heating, sputtering, laser ablation and the use of volatile metallic
compounds called MIVOC). Further development should be continued with the purpose
to improve the beam intensity and stability.



The reduction in cost and power consumption for the ECRIS can be achieved by
replacing the solenoid with permanent magnets.

3.3 Current status and recent advances in ion sources for radioactive beams

For new investigations in nuclear physics and astrophysics, facilities have been
constructed to produce and accelerate short-lived radioactive ion beams.

Radioactive isotopes are produced by the interaction of a high energy primary
beam (proton or heavy ions) with a thick target. They then diffuse into the ion source.
Since the creation rate of the radioactive isotopes is very low, the coupling efficiency
between the ion source and the target must be as high as possible. Also, the Target Ion
Source System (TISS) has to work in a very high radiation environment and must be very
reliable. Very efficient singly-charged ion sources have been developed for 30 years at
ISOLDE (CERN), but in the case of acceleration by cyclotrons, multiply-charged ion
species are desired. Mass separation is a crucial problem in this type of production.

3.4 Possible improvements in ion sources for radioactive beams

Two techniques can be used to produce these multiply-charged ions. The first is
direct multi-ionisation of the radioactive isotopes coming from the reactions of the
primary beam with the target. Up to now, the target has been placed outside the ion
source, inducing losses due to effusion between the production target and the ion source.
A prototype of an internal target ion source system has recently been tested. This
approach gave promising results for the production of non volatile multiply-charged
radioactive ion beams.

The second approach is planned to produce a multiply-charged ion beam by first
generating a singly-charged ion beam and subsequently increasing the charge state with
an ECRIS.

At the very least, optimization of the beam optical properties by studying the
extraction conditions of the source, can permit better mass separation.

4 Ion Sources for Radio Frequency Quadrupoles (RFQ)

RFQs are new accelerators which focus and accelerate low energy high current
beams with very low emittance growth. They are normally placed after the ion source, as
beam injector into higher energy accelerator systems such as cyclotrons and linacs.

4.1 Status

The current status of ion sources for RFQs can be summarized as follows:

• ECRIS sources for high charge state and medium current for pulsed and continuous
wave (cw) operation (such as for cyclotrons) are used in a large number of research
and industrial applications.



• Electron Beam Ion Sources (EBIS) can produce even higher charge states than can
ECRIS sources but at very low current. They are well suited for injection of short
beam pulses into synchrotrons and storage rings.

• The Cold and Hot Reflex Discharge Ion Source (CHORDIS) is used for generating
high currents of gaseous as well as metal ions (by means of sputtering or by using an
oven) for pulsed as well as for cw operation in research and in industry.

• The Metal Vapour Vacuum Arc Ion Source (MEWA) is used for high current pulsed
metal ion beam production.

• The PIG source with axial extraction is useful for low power and low current
applications. PIG sources with radial extraction can provide medium currents of all
kinds of ions.

• Duoplasmatron sources can produce pulsed high currents of light gaseous ions.

• Magnetrons and PIG sources are used for pulsed H~ beam generation. For low duty
factors and smaller beam emittance, multicusp sources are employed.

4.2 Possible future directions

Possible improvements in ion sources for RFQs can be seen in the following
areas:

• ECRIS sources for medium currents will be developed to produce higher currents of
even higher charge states ions. Extraction systems, the influence of the magnetic
fields in the extraction area on emittance and beam currents should be studied. The
production of special metal ions (e.g. for industrial applications) should be developed
with the goal of lower power consumption.

• EBIS sources should be greatly simplified so that they can be used outside basic
research.

• The noise level and reproduceability of the MEVVA beam pulses have to be
improved.

• The PIG source with axial extraction should be further developed for ion beam
analysis applications. The beam emittance of PIG sources with radial extraction
should be improved by changing the extraction system design and by using higher
extraction voltages.

• For H~ beam acceleration, Magnetrons and PIG sources will have to produce higher
currents and lower beam emittance. The consumption of cesium, which is necessary
for the source operation, must be reduced.

• The reduction of the electron to H~ ratio, the power consumption and the current
densities are areas of future development in the multicusp H~ ion source.



A general problem of the injector design is the matching between ion source and the
RFQ, which is normally accomplished with electromagnetic or electrostatic lenses.
The design of the ion sources, together with the low energy beam transport (LEBT)
systems have to be further developed in order to match the input requirements of the
RFQ. In general the RFQ requires a round and converging beam.

5 Ion Sources for Neutron Generators

5.1 Current status and recent advances

Conventional sealed-accelerator-tube neutron generators are operated with PIG
sources. Typical beam current is ~1 mA/pulse with monatomic species fraction <20%.
The D-T neutron yield is 1 - 5 x 105 n/pulse (or 1 - 5 x 108 n/s at 1 kHz). A compact 2
MHz radio-frequency (RF) driven ion source has recently been developed in the
Lawrence Berkeley National Laboratory for neutron generator applications. This portable
generator is anticipated to produce a neutron flux in the range of 109 to 1010 D-T neutrons
per second. Typical operating parameters include repetition rates up to 100 pulses/s, with
pulse widths between 10 and 80 \is and source operating pressure as low as 4 mTorr. By
using a computer designed 100 kV accelerator column, peak extractable hydrogen current
exceeding 1 A from a 3 mm diameter aperture, together with H+ yields over 94% have
been achieved. An RF impedance matching network has also been successfully
miniaturized to ~ 5 cm diameter and tested. For this low duty factor operation, the ion
source and matching circuit do not require any cooling.

5.2 Possible future directions

• The newly developed RF-driven ion source is expected to produce 14 MeV D-T
neutrons with a yield greater than 10i0 n/s with a duty factor of 0.1%. The neutron
yield should be enhanced by enlarging the size of the source and the extraction area
and/or increasing the duty factor.

• Recent results in neutron moderator design indicate that boron neutron capture
therapy (BNCT) can be performed by D-T neutrons. It has been estimated that a
neutron flux greater than 10nn/s at the patient is needed for this application. It is now
possible to meet this requirement by employing a sealed-tube D-T neutron generator.
A compact unit should be designed for easy installation in hospitals.

• The same sealed-tube neutron generator design can be used for the production of D-D
(2.3 MeV) neutrons. With further development, these sealed-tube neutron generators
should be useful for the detection of explosives, mines, contraband and chemical
weapons. Neutron radiography and nonproliferation applications should also be
explored.



6 Ion Sources for Surface Modification

6.1 Current status and recent advances

There are two main groups of ion sources for this application, based on glow and
on arc discharge. These sources produce broad ion beams (of area more than 100 cm2)
and provide a treatment dose of about 1017- 1018 ion/cm2 in 20 - 30 minutes. These
sources have neither hot filaments nor mass separation nor scanning systems, and this
makes them simple, reliable and economic. To obtain higher ionization efficiency, the
glow discharge sources provide electron confinement by hollow cathode effect and/or
magnetic field. In one of these new ion sources, use of external electron injection permits
a lower discharge voltage and hence a lower working pressure. Ion sources based on
vacuum arc (MEWA) are attractive due to their capability of generating high current,
broad beams of metal ions. The recent improvement of the MEVVA type ion sources is
achieved by applying a strong magnetic field near the cathode area. This magnetic field
influences not only the electrons but also the ions of the arc plasma. This modification
leads to an enhancement of the mean charge state, allowing the source to generate mixed
beams of gaseous-metal ions and also providing stable vacuum arc triggering as high as
107 pulses.

Vacuum arc ion sources provide high current, multiply charged metal ion beams
for accelerators. The strong magnetic field provides high charge state fractions: for
example this source generates up to 40 mA, 1 ms pulses of U4+ ions. Use of metallic grids
together with special magnetic field configuration can reduce the beam noise and improve
the beam stability.

6.2 Possible improvements

As a further development of these sources, the beam uniformity has to be
improved. For vacuum arc ion sources, a method of plasma electron confinement near the
anode walls by "multicusp" permanent magnet configuration should be employed.

In spite of the progress made in the improvement of the beam quality, further
development should be continued so that these vacuum arc sources can be applied for
heavy ion accelerators. One possible approach is to combine a discharge system of
vacuum arc ion source with another discharge system, such as a cold reflex discharge ion
source (CORDIS) or an ECRIS source.

7 Recommendations to the Agency

1. The Agency should consider the formation of a Co-ordinated Research
Programme in the field of development of ion sources for low-energy accelerators.
Suitable topics for initial study are:

1.1 The ECRIS source should be improved so that it can be used for small
accelerators.



1.2 The liquid metal and PIG sources could be further developed for ion beam
analysis applications.

1.3 The RF-driven multicusp source should be considered for high-yield
production of D-T and D-D neutrons, especially for medical applications.

1.4 Improvement of uniformity of the broad beam implanter.

Possible members of such a CRP might be: Belarus, Brazil, China, Egypt, India,
Kazakhstan, Thailand, Turkey (developing Member States) and Australia, France,
Germany, Russian Federation, Sweden, USA (developed Member States).

2. Financial assistance should be given by the Agency to scientists in developing
Member States to attend international ion source conferences. Agency attendance
at such conferences is also recommended.

3. The Agency should encourage Member States to apply for fellowships in the field
of ion source development. (This will lead, indirectly, to improved accelerator
applications).

4. The report of this meeting should be circulated to accelerator laboratories,
especially those in developing Member States.
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Attachment 1

Information Sheet

Consultants' Meeting on "Modern Trends in Ion Source Development
for Low-Energy Accelerators"

IAEA HQ, Vienna, 17-20 March 1998

The requirements of ion sources in accelerators are many and varied. They should
have: high current and brightness; provision of a good range of masses (where required), up
to and including the actinides; optimum phase space; energy and current stability; reliability;
ease of maintenance; etc. Given that there are a number of different types of accelerators
used, each with its own peculiarities and applications, it is clear that the development of ion
sources for them covers a wide field.

The terms of reference of this Consultants' Meeting are:

• to review the status of ion source development for several different types of low-energy
accelerators (e.g. Van de Graaff, cyclotron, sealed-tube neutron generator, ion implanter,
etc.);

• to highlight any recent advances in this field; and
• to prepare a report of the meeting. This report should serve as the basis for a technical

document on this topic - a technical document which might be sent to accelerator
scientists in Agency Member States.

The consultants and their ion source specialties are:

Dr. R. Hellborg, University of Lund, Sweden

Dr. R. Leroy, GANIL, France

Dr. K.-N. Leung, Lawrence Berkeley Lab, USA

Dr. E. Oks, High Current Electronics Institute,
Tomsk, Russian Federation

Dr. A. Schempp, Goethe University,
Frankfurt, Germany

Ion sources for Van de Graaff
accelerators

ECR and radioactive ion sources
for cyclotrons

Ion sources for neutron
generators

Ion sources for ion implanters

Ion sources for RFQ accelerators
and for cyclotrons

Scientific Secretary for the meeting is R.L. Walsh, Physics Section, RIPC.
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Ion sources for electrostatic accelerators
Ragnar Hellborg

Department of Physics, University of Lund
Solvegalan 14, SE-223 62 LUND, Sweden

E-mail address: ragnar.hellborg@nuclear.lu.se

1 Introduction
Maybe the most important part of an electrostatic accelerator system, and also often the most tricky part is
the ion source. There has been a rapid growth in activity in ion-source research and development during the
last two to three decades. Some of these developments have also been of benefit to electrostatic accelerator
users.
In this report some of the different types of ion sources used in electrostatic accelerators are described. The
list is not complete but more an overview of some of the more commonly used sources. The description is
divided into two groups; positive ion sources for single stage electrostatic accelerators and negative ion
sources for two stages (i.e. tandem) accelerators.

2 Positive ion sources to be used at single stage electrostatic accelerators
Positive ion sources to be used in electrostatic accelerators are in many cases identical or similar to sources
used at other types of accelerators. The limited beam current possible to transport through the tube of course
means that only low current sources with rather limited emittance are used. The most used source during the
years has been the rf-source but also the duoplasmatron has in many cases been used.
2.1 The radio frequent (rf) source
The breakdown of a gas by an rf field provides a simple and often convenient method of plasma formation
that can be utilised in an ion source. The rf is usually in the range from around 1 MHz to a few tens of MHz.
This kind of source can be extremely simple, consisting of a glass container for the gas/plasma, some kind
of extraction aperture and a coupling loop surrounding the vessel to couple inductively into the plasma. A
power of a few tens of watts and up to 150 W can be adequate, which together with a lifetime of several
thousand hours makes it a suitable source to be placed in a high voltage terminal of a single stage
electrostatic accelerator. This type of source can only be used for gaseous materials. Maximum current can
be up to 1 mA. However, usually only up to 100 uA can be used in an electrostatic accelerator. This type of
source is in use in the 3MV single stage accelerator in Lund.
2.2 Duoplasmatron
The most important pioneer work in the development of high current ion-sources was performed with
duoplasmatrons. In this source, used for gaseous materials, a discharge is maintained at relatively high
pressure (about 10"' mbar) and low voltage (a few tens of volts) between a thermionic cathode and an
intermediate electrode, acting as a primary anode. The plasma is then guided by a strong axial magnetic
field through an aperture within the intermediate electrode into the second discharge chamber. In this
chamber the discharge runs at much lower pressure (about 10~3 mbar) and higher voltage (about 100 volts),
between the intermediate electrode, now acting as cathode, and the main anode. The plasma created in the
second stage flows out through a small aperture in the anode and expands into a third chamber, the so-called
expansion cup. Currents of up to 10 mA are possible. The disadvantage of having this source in the high
voltage terminal of a single stage electrostatic accelerator is the need of higher power compared to the rf-
source and the limited lifetime of the filament.
2.3 PIG ion source
The PIG (Penning Ionisalion Gauge) source has been used as a source of multiple charged gaseous ions for
over three decades. PIGs operate immersed in a magnetic field, which serves also to separate the charged
ion species, with currents of multiple stripped ions up to mA. The PIG source derives its name from the
vacuum gauge invented by Penning. This kind of source has been extensively used in injectors for particle
accelerators like cyclotrons, synchrotrons and linacs, but is also used in single stage accelerators especially
if they are designed for heavy ion production. This type of source is used in the neutron generator in Lund.
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2.4 Nielsen source
This type of source can be used with solid (and gaseous) materials. It was developed around I960 at the
Niels Bohr Institute by Karl Ove Nielsen as a source for electromagnetic isotope separators, i.e. small
accelerators up to a few hundred kilovolts. The source can produce ions from solid materials with not too
high melting point. A Nielsen source built at our laboratory has been used together with a charge exchange
cell, see 3.1 below.
2.5 Liquid metal
The liquid metal ion source consists of a liquid metal coating on a needle substrate. Application of a
potential of several kilovolts in a vacuum of better than 10~? mbar to a nearby extractor electrode distorts
the liquid metal at the needle apex to form a conical shape. At the apex of the stabilised liquid cone the
electric field is sufficiently high to produce ions at currents in the range of 1-100 |iA. The liquid metal ion
source is unique among all ion sources because of its extraordinary high brightness which can exceed 10+6
A/cm^sr. It is this property, coupled with a reasonably small energy spread of less than 10 eV that makes
this ion source attractive for use in applications for extreme small beam sizes with current densities of 1 to
10 A/cm^. Example of applications is scanning microscopy. It should be possible to use it in a single stage
accelerator for producing a beam to be used as a nuclear microprobe. The lifetime of the source, limited to
some hundred hours, is of course a severe limiting factor.
2.6 ECR source
Electron Cyclotron Resonance (ECR) ion sources are today in widespread use for the production of high-
quality multiple charged ions for accelerators, atomic physics experiments and industrial applications. An
ECR source, originally a large, power-consuming complex apparatus, is today a compact, simple, efficient
high-performance source for producing high charge state ions. ECR sources are maybe not so often
discussed in connection with electrostatic accelerators. However, at the VICSI accelerator complex at the
Hahn-Meitner institute in Berlin an ECR source has been installed in the high voltage terminal of a single
stage accelerator (HVEC type CN). This accelerator is used as an injector for the sector focusing
syncrocyclotron.

3 Negative ion sources to be used at tandem electrostatic accelerators
Sources of negative ions for electrostatic accelerators fall in two main groups. The first group consists of
those which produce a primary beam of positive ions which by double charge exchange processes in an
electron donor vapour target result in a fraction, generally a few percent being converted to negative ions
(type 3.1 below). The second group consists of those producing negative ions direct from the ionised
substance. For the latter type two possibilities are available. The ions can be produced by collisions between
electrons and molecules in a discharge plasma (type 3.2 below) or the ions can be produced by particle
collisions with low work function surfaces (type 3.3 below).
3.1 Sources using positive ions and an electron donor vapour target
A positive source followed by an electron donor vapour target, i.e. a charge exchange cell, for recharging
the positive ions to negative is today mostly used for He~ production (as was mentioned above in fact the
only possibility to produce negative helium ions!). This type of source was originally the only way to obtain
negative ions. The charge exchange method has also shown to be particularly suited for production of beams
of elemental negative ions with low electron affinity {i.e. ions from the "left" part of the periodic system).
For such ions generally absolute beam currents, in excess of those achieved with the best of the existing
negative ion sources are obtained.
The positive ion source
Generally a modest positive ion source is required. For example the rf source supplying about 1 mA of
beam from most gases. The Penning source or the duoplasmatron can also be used.
The charge exchange cell
The positive beam, after passing through the charge exchange cell, becomes mainly neutral but contains
some positive and negative ions. The negative ion formation is by collisional attachment. Under optimum
conditions the negative component is for helium around 1%. but can for heavy ions be several tens of
percent of the positive beam. The material in the cell can be a gas, like Ho- or a vapour of an alkali metal
(Li, Na, K, Rb and Cs) [ I ]. Such a cell has been developed at the Pelletron.
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3.2 Duoplasmatron
The duoplasmatron for producing negative ions is same type of source as used for positive ions, however,
with a slightly different geometry. Around 1965 it was observed that a slight misalignment of the
intermediate electrode compared to the anode can give a considerable negative beam component. The
explanation is that the outer part of the plasma contains a higher amount of negative ions compared to the
inner part. This type of source can be used to produce negative beam currents of up to 100 \i.k. This type of
source is used at our Pelletron, mostly for producing H~, and (today very seldom) D~, but was in the initial
stage the only source at our tandem and was therefore used for different ions like C~ and O~ (from CO2
gas), CN~ (from CO2 and N2 gases), F~ and S~ (from SFg gas) etc.
3.3 Sputtering sources
The starting point of development of caesium sputtering negative ion sources was the discovery by Krohn
[2] that when a surface is sputtered by Cs+-ions a surprisingly large fraction of the sputtered particles are
negative. Krohn further showed that this fraction can be significantly increased by overlaying the sputter
surface with neutral caesium. The caesium sputtering source has been used to generate a wide variety of
elemental and molecular ions. Positive caesium ions from a surface ionisation source are used to sputter a
target. Negative ions formed are extracted out of an aperture. The positive caesium ions have an energy of
3-30 keV and a current of up to 1 mA. Negative ion current is up to 10 \iA or for a few cases up to 100 jxA.
Different types of sputtering sources for producing negative ions from solid materials have been developed
during the last 25 years. Negative ion species can be changed rapidly, requiring only replacement of the
sputtering cathode through an interlock system.
The ANIS source. One type of sputtering source uses a Penning discharge geometry, has radial extraction
and use caesium vapour. An ANIS sputtering source [3] has been in use at the Pelletron during 15 years. A
Penning discharge generates a plasma of caesium (and sometimes also of an added gas). The function of the
caesium is twofold. To act as a sputtering agent and to lower the work function of the target surface and in
this way enhance the negative ion formation. The plasma forms a sheath in front of the spherical surface of
the sputter cathode, which is at a negative potential of 3-4 kV. Positive ions are accelerated from the plasma
across the sheath and impinge on the surface of the cathode. Negative ions formed on the cathode surface
are accelerated back across the plasma boundary towards the exit aperture.
The cylindrical geometry source. A versatile high intensity negative ion source was presented by Middleton
in 1983 [4]. For producing Cs+-ions it has a cylindrical ioniser of tantalum. The source emittance for 70%
of the beam is reported to be very low, I.67: mmmrad(MeV)1//2.
The spherical geometry source. One year after the introduction of the cylindrical source mentioned above
Middleton reported about a new version in which the cylindrical ioniser was replaced by a spherical one and
the caesium vapour was conveyed to it by a direct spray [5]. This arrangement eliminates the need for
cesium vapour containment. Several sources of this model have been built around the world and it became
also commercially available from General lonex Corp. (their model no. 846). Middleton has presented an
extensive handbook [6] with test results of this source for most ions in the periodic table. For many ions he
obtained tens of fi.A and for some ion types several hundred fiA.
The reflected beam source. The first simple model of a sputter source was demonstrated by Middleton in
the beginning of the 1970's. It was later on modified with the caesium beam steered through an off axis
molybdenum cone, reflected by the negative ion extraction electrode and sharply focused on a pill of target
material located on the back of the molybdenum cone [7]. This design improves the emittance of the
negative ion beam and eliminates two disadvantages with the original version, the complicated form of the
target and ioniser damage from back streaming negative ions.
3.4 Sources of polarised ions
In the study of nuclear reactions, situations often arise where even very accurate cross-section
measurements are not sufficient to determine the reaction amplitudes uniquely. One way to solve this is to
produce and accelerate polarised ions. Some big tandem accelerators (5-10 MV) were during the 60s and
beginning of the 70s supplied with polarised sources. As time went on the energy range of these accelerators
become too low for modern nuclear physics experiments and very few installations still exist.
3.5 Ion source in the high voltage terminal of a tandem
In some cases it has been found necessary for some specific use to place an ion source in the high voltage
terminal of a tandem. One example is an rf-source placed in a FN tandem for producing a high intensity
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beam of ^He [8]. It consists of the source, an isolator containing an extractor electrode and an einzel lens, a
double focusing permanent dipole magnet, a steerer and a Faraday cup. During operation of the source the
gradient of the first part of the high energy accelerator tube is reduced to limit the problem of the too strong
lens effect for this low energy beam.
3.6 Negative ion sources for accelerator mass spectrometry (AMS)
The requirements for negative ion sources to be used for AMS partly differ from requirements for other
types of uses [9]. The main reason is that a typical AMS sample contains only 10^-10^ atoms of the
radioisotope to be measured. Therefore a high beam current is needed to obtain a sufficient statistical
precision of the ratio between the rare isotope and the much more abundant species. Furthermore the current
needs to be stable and in that way reduce systematic errors when the beam of the rare and the abundant
species are compared sequentially. As the samples often are very small (1 mg or even less) a high efficiency
is required: i.e. a high fraction of the atoms sputtered from the sample should be converted into negative
ions with trajectories within an emittance that can be transferred through the accelerator. A multiple sample
holder is needed to permit on-line sample changing without disrupting the operation of the source. As
several samples are mounted together in the source it is important that the source has a low memory effect.
Different types of sputtering sources have been modified for AMS use, mainly by including a multiple
sample holder, by optimising the beam current and reducing the memory effect. To reduce the number of
steps in the carbon sample preparation procedure some sources for gaseous samples have been constructed.
National Electrostatic Corp. has designed and built a multiple gas feed cathode negative ion source [10].

3.7 Radioactive ion beams
For new types of investigations in nuclear physics and astrophysics it was suggested about ten years ago to
construct systems to accelerate radioactive ion beams. An example of a system that has recently been
developed is the tandem-cyclotron system in Oak Ridge. In this system intense light ion beams from the
isochronous cyclotron (ORIC) is used to produce radioactive atoms in a thick target ion source mounted on
a high-voltage platform serving as an injector for the 25 MV tandem Pelletron [11]. (This tandem was
originally designed as an injector for the cyclotron!) Since the tandem requires negative ions the positive
radioactive ion beam is converted in a charge exchange cell. As the positive source for radioactive ions the
high temperature version of the CERN ISOLDE source has been chosen because of its low emittance,
relative high ionisation efficiency and the capability for producing a broad range of radioactive species.
3.8 Microbeam negative ion sources (combination of AMS and SIMS)
AMS with tandem accelerators was originally developed for measurements of rare isotopes, particularly
cosmogenic isotopes. The method has been further developed as an extension of secondary ion mass
spectrometry (SIMS) for detection of ultra traces where extreme sensitivity is necessary. The method is
further enhanced when micro-beams are used for scanning the ion source sample. Such systems have been
demonstrated for application in semi-conductor [12], geological materials analysis [13], mineral exploration
[14] and for biomedical applications [15]. Below two such systems are briefly described.
Mineral exploration. A system has been designed at North Ryde, Sydney to enable in situ microanalysis of
geological samples for ultra-traces and for isotronic data for minerals exploration research. The negative
ions are produced by sputtering with a micro-beam of Cs+. A standard Cs-gun combined with auxiliary
cylindrical lenses produces the primary micro-beam. The Cs-beam bombards the sample and the negative
ions are analysed in an AMS accelerator system.
Biomedical investigations. A new method for imaging '^C-labelled tracers in sections of biological tissue
was presented a few years ago. A highly focused beam of gallium ions bombards the tissue. This is
sputtered into constituent atoms, molecules and secondary ions. The '^C-ions are detected after transport
through the AMS system. The specimen is scanned pixel by pixel (1*2 j^m^), generating an image in a
manner analogous to scanning electron microscopy [15].
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I Recent ECR ion source Developments

Since now many years, ECR ion sources have been used for production of multicharged
ion beams before acceleration by cyclotrons. The reliability of ECRIS and the ability to
ionise every kind of elements made these sources very attractive for acceleration.
The principle of these sources is described in numerous publications' and is based on
magnetic confinement of the plasma. This confinement is obtained by superimposing
solenoidal and multipolar fields such that the modules of the magnetic field is minimum
in the centre of the box and maximum near the walls. In between there exists an ECR
surface which is a closed magnetic surface where the larmor frequency of the electrons
is equal to the frequency of the injected microwaves. By passing many times through
this surface, the electrons acquired a global heating to energies exceeding the ionisation
potential.

The improvements of ECRIS performances for the production of high charge state ion
beams can be divided into three parts: improvements of the charge state distribution (i.e.
increase of the high charge state current) improvement of metallic ion beam production,
construction of low price and low energy consuming ecr ion sources.

Improvement of the charge state distribution.

Different ways of research are taken by ECR people to reach this goal. The first one
consists in increasing the magnetic confinement by use of super conducting solenoid
and hexapoles. This has been done in Michigan State UniversityC2) with the SC-ECRIS
and very recently in Grenoble with the SERSE source(3\ The super conducting coils are
designed to reach fields sufficient to operate at high UHF frequency (up to 35 GHz).
Good results on the high charge state distribution have been observed with this
technology even with a low heating frequency. Further tests at high frequency are
underway.
Another way to increase the Multicharged Ion production consists in increasing the
frequency of the source. By this way an increase of the frequency has been done on the
Caprice type ion sources and shows that the charge state distribution is better with high
frequency sources.
Another new way is to inject multiple frequencies inside the source as has been done in
Berkeley or Oak Ridge(4X It results in an increase of the high charge state currents with
a decrease of the lower ones.
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Production of metallic ion beams.

Since now many years, metallic ion beams are produced with ecr ion sources. Different
solutions^5) have been developed to vaporise the metallic element. The first one consists
in using a small oven introduced inside the source. At Ganil a small oven (6mm in
diameter), which can reach temperatures up to 1500 °C.
When the element needs higher temperature, a sample is placed directly in the plasma
(close to the ecr zone) and heated by the electrons of the plasma. This technique can
reach temperatures higher than 3000°C. However, the plasma is perturbed by the
insertion and thus, for many materials, ovens yields better charge state distribution.
Another way to produce metallic ion beams is the use of compound gases but special
cares have to be taken using aggressive compounds to prevent damage of different parts
of the source. However good results have been obtained at Riken with this technique
for iron beam production.
New evaporation techniques are under development like sputtering or laser ablation.
The sputtering technique consists in biasing a metallic sample with a high voltage in
order to sputter it with energetic ions. Good results have been obtained for the beam
intensities and stabilities. The laser ablation principle is based on firing high power laser
shots on a metallic sample located in the source. This technique has been tested in
Ganil but is not adopted yet due to the high cost of the laser.

Low price and low energy consuming ECR Ion sources

In a lot of case, the consumption of the electrical energy is limited as, for example, on
the high voltage platforms. Thus it has been developed at Ganil some low energy and
low cost ECRIS. The idea is based on the use of permanent magnets instead of coils.
Several sources have been built on this principle in Grenoble and Ganil (neomafios,
nanogan..). Due to small volume, they need low micro wave power and delivers decent
charge states.

II Radioactive ion sources

The production of radioactive ion beams can be divided into two parts: the first one
concerns the production of the radioactive atoms while the second one concerns the
ionisation of these atoms. Usually, the production is done by interaction of a high
energy primary beam (proton or heavy ions) with a target where are created and stopped
the radioactive species. As the amount of radioactive atoms is very low, the ionisation
efficiency and the coupling efficiency between the production target and the ion source
must be as high as possible. Moreover, the target ion source system (TISS) has to work
in very high radiation fields and must be very reliable. These new goals are the way of
new specific developments on targets and ion sources.

The ISOLDE^6) team develops since now 20 years 1+ ion sources coupled with heavy
targets. In the case of use of cyclotrons for acceleration of the radioactive ion beams,
multicharged species are needed. Two modes can be used to produce these multicharged
ion beams: The first one consists in directly multi-ionising the radioactive vapours^7)
coming from the reaction of the primary beam with the target. The best way is to place
the target as close as possible to the plasma in order to decrease the losses due to
effusion between the target and the ion source. However, sometimes, the target can be
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put far away from the plasma if we know that the sticking time is lower than the transfer
time (long life time elements, noble gases...)
This way has been chosen for the first target ion source system of the SPIRAL project at
GANIL. The target is placed outside the ion source and the target ion source system
called nanogan2 is dedicated to radioactive noble gas production. Some tests have been
done giving noble gas radioactive ion beams with intensities available for the SPIRAL
facility.
In the same time, the problem to put a target inside an ecr ion source has been studied.
In this case the target must be located very close to the plasma but without perturbing it.
Moreover, a strong emission of energetic neutrons occurs when the primary beam hits
the target and that can damage the magnets of the ion source. For this reason, a new
concept of ecr ion source called Shypie(7) has been developed at Ganil. It consist in a
new method to create the axial magnetic field by mixing permanent magnets and coils.
The result consist in a compact ecr ion source with no damageable elements in the high
energy neutron emission. A test of this configuration has been done and demonstrated
the possibility to produce multicharged non volatile radioactive ions beams.
The second mode that is planed to be used for the production of the multicharged ion
beam consists in producing a monocharged ion beam and to boost the charge state with
an ecr ion source or with an ebis. The first solution is under studies at Ganil in
collaboration with ISN group in Grenoble(8) while the second one is under
development at ISOLDE^) (CERN).
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The widespread application of ion beams in research and technology goes along with the

development of the components of these ion accelerators. Especially the ion sources play a

crucial role, because their parameters, basic properties and actual performance determine the

current and emittance of the output of the system. This can be a single stage of acceleration

like injecting into a cyclotron or a small linac,but mostly it is a first stage of an injector chain

like for high energy machines, where the low energy injector part is an important bottleneck,

sometimes limiting the performance of the system.

Cyclotrons belong to the very early accelerators. Their development can be seen as a

constant move towards higher energy and higher intensity. Important steps were the detailed

optimization of the ion source and the first orbits in compact cyclotrons, the development of

external injection schemes and then the development of powerful external sources as well as

Isochronous- and separated sector- (SS-) cyclotrons.

Compared to cyclotrons, Radio Frequency Quadrupole (RFQ-) linacs are only recent

developments. They are efficient, compact low energy ion structures, which have found

numerous applications. They use electrical rf focusing and can capture, bunch and transmit

high current ion beams. They were first used as injectors at high energy proton accelerators,

but applications for light and heavy ions and later as implanter, small neutron source and also

as replacement for tandems and as injector for cyclotrons.

Injectors

Injectors are combinations of an ion source, a low energy beam transport (LEBT), a

preaccelerator (an Cockroft Walton Cascade or a RFQ), and an intermediate matching section,

which matches the beam to a following structure e.g. an Alvarez-accelerator. Instead of an

Alvarez a cyclotron can be the next accelerator. For energy variation the injector must provide

variable energy and, in case of an rf-accelerator, must be synchronized with the frequency of

the main stage. Due to the radius/energy factor in cyclrotrons the injection energy for compact

cyclotrons can be rather low, the extraction voltage of the ion source mostly will be sufficient

for preacceleration.
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The ion source with extraction system and the preaccelerator define the phase space for

the following stages in which the effective emittance will only grow. Especially in the design

of a high current accelerator the emittance as well as the current have to be optimized. The

injector is the bottleneck, because focusing forces are weak and the defocusing effects and the

nonlinearities caused by space charge are strongest at low energies.

The development of the RFQ-structure with its possibilities to bunch and accelerate

low energy high current ion beams opened new parameter spaces for accelerator designs for

linacs as well as for cyclotrons. Also, sources which are rather big or have a large power

consumption can be used because the source can be close to ground potential and is easy to

operate and service.

The variety of RFQ-accelerators covers the full ion mass range from H to U, frequency

range from 5-500 MHz and duty factors up to 100%. The physics of transport and

acceleration of high current ion beams in RFQs have been solved to such an extent that the best

beams, which can be produced by ion sources and transported in a LEBT, can be captured and

transmitted with very small emittance growth by RFQs, as shown schematically in Fig. 1.

ION
SOURCE LEBT RFQ

j

I O Q O

Fig. 1.: Scheme of a RFQ-injector

The RFQ basically is a homogeneous transport channel with additional acceleration. The

mechanical modulation of the electrodes as indicated in Figure 1 adds an accelerating axial

field component, resulting in a linac structure which accelerates and focuses with the same rf

fields. A general problem of the injector design is the matching between ion source and the

RFQ, which is normally accomplished with electromagnetic or electrostatic lenses.

The ion sources for theses applications can be arranged in three groups: 1.: Heavy ion

sources for low and medium beam currents for pulsed low duty factors and for high duty

factors up to cw operation like needed for cyclotrons. 2.: High current heavy ion sources for

low duty factors and "real" high current sources with a high average beam currents and 3.:

pulsed high current sources for positive and negative light ion beams. Each ion source of these

groups needs special design of the extractor and transport in the LEBT to the injector linac.
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Ion sources for low and medium currents of heavy ions

PIG sources were developed for cyclotrons first, because they could use the strong magnetic

field, could be built very compact to fit into the center region of a compact cyclotron, the

charge states were separated automatically and PIGs could deliver ions from nearly all

elements. The emittance was not very small and the currents reached some uA for heavy

metals and a few mA for light gases.

The ECR source was a new development, which especially matched cyclotrons,

because their final energy is proportional to the specific charge of the ion (q/A)2. By using

solenoids for axial confinement, sextupol magnets for radial confinement and a resonance

condition for electron acceleration very high charge states could be breeded.

Bz Br

25cm

P3

Fig.2: The Micromafios ECR source

Even though the final energy of linacs is only proportional to (q/A), the ECR

development led also to new and attractive linac design. Instead of starting with a low charge

state and stripping after preacceleration, the direct "stripping" in the source and a compact

preaccelerator (RFQ) could provide even better beams with lower emittances. The HLI

injector of GSI shown in Fig. 2 is a good example of that application.
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For short pulses of highly charged heavy ions, the ECR can be operated in the so called

"afterglow" mode, in which a higher ion beam current (up to five times higher than in steady

state) can be extracted after switching off the mircowave heating of the source. This has been

used successfully at CERN for the acceleration of Lead ions to lOOGeV/u.

The electron energy must be high and the confinement very good to breed high charge

state ions. The EBIS uses direct successive ionisation of the ions which are confined radially

by the potential of the electron beam. A strong magnetic solenoid field provides the necessary

high density of the electron beam as indicated in fig. 3.
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Fig. 3.: Scheme of an EBIS source

This type of ion source is especially suited for pulsed injection into sychrotrons and

storage rings. Low average currents but highest ionisation efficiencies (U92+ -ions) make this

source attractive for atomic physics experimenrts. It is also used to collect and breed radioactive

ion beams from a ISOLDE type source to higher charge states.
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High current heavy ion sources

High currents of heavy ions can be generated e.g. with a LBL-MEVVA source, which

is developed at GSI for currents of metal ions up to 40 mA (pulse length 1 msec) for the new

HSI high current injector under construction now. A major problem is the reproducibility and

the noise of the ion beams.

For higher duty factors but for singly or double charged ions of gases and metals, the

CHORDIS source is a reliable source with low emittance beams of ion currents up to 100 mA.

The CHORDIS is a bucket source of the reflex discharge type which is also used in implanters

for industrial application.

Fig 4.: CHORDIS heavy ion source

Ion sources for pulsed high current light ions

The standard application is the operation as preinjector for an Alvarez linac feeding a

synchrotron. These systems are comfortably matched to ion source and RFQ designs, because

they have a low duty factor, which allows pulsed, high power density operation. Examples are

the injectors at BNL, DESY,CERN, MEP and KEK.

Duoplasmatron and rf-sources for protons and PIG and Magnetron sources for negative

ions are mainly used. They operate with Cesium to generate negative ions, so lengthy LEBT

have to be used to prevent Cs vapor reaching the high fields in the accelerators.
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Fig 5.: Scheme of a PIG source
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Fig 6.: Scheme of Magnetron ion source

A new development of a low Cs or even Cs free source which can be closer to the

RFQ is the multicusp volume source, which is especially attractive if the discharge is driven

with rf.

New projects which can be summarized under spallation neutron sources, have 5-10%

duty factor, H"-beams of 30-100 mA for new (ESS, NSNS, JHP) and the upgrade of existing

high power linacs like LAMPF and ISIS need intensive development efforts to provide the

necessary low emittance high current ion sources with sufficient life times.
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New developments

The groups operating ion sources at accelerator facilities have to maintain and to

optimize sources for their special application. Quite naturally there will be some improvement

for all types of ion sources used. New ideas which lead to new types of sources come from

new applications.

Good examples are the studies making use of ISOLDE-type of ion source with RFQ

ion injectors to built accelerators for radioactive beams, which seem to be of highest interest

in nuclear physics research. The typical RB facility starts with very low currents of singly

charged ions. To get reasonable amounts of ions for the experiments cw operation is planned.

At GANEL naturally an additional cyclotron is used instead of an RFQ and an additional ECR

source to increase the charge state of the beams from the source of radiactive ions at first.

The various systems can be distinguished by the heaviest mass number, which is

planned to be used and the accelator system which will be employed.

A very interesting concept is pursued by groups from LMU (Munich) and MPI

(Heidelberg), which plan to start with a Penning ion-trap followed by a EBIS ion collector-

charger with pulsed extraction, and a small compact accelerator of the MPI high current

injector (RFQ, IH-DTL) to be installed at the CERN ISOLDE facility.

There are applications of ion sources together with RFQs in industry. The first group is

used for material modificaton like implantation in silicon. There are machines for 1

MeV boron and for 6 MeV Phosphor at work. A second group can be seen as involved in the

medical field. Parts of PET isotope production units and medical synchrotrons like Loma

Linda and NTRS which use PIG, Duoplasmatron and ECR sources. New projects of these

therapy machines are discussed at GSI and CERN at present.

Another group is the application of high current RFQs as a compact radiation source for

radiography with neutrons or for resonant x-rays for material detection.

6. Conclusions

There are a lot of new developments in the field of ion sources, which in combination with a

properly matched rf "post"-accelerator will allow new experimental parameters for atomic and

nuclear physics.
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Abstract

Compact radio-frequency (RF) driven ion sources are being developed in the
Lawrence Berkeley National Laboratory (LBNL) for sealed-accelerator-tube neutron
generator applications. This portable generator is projected to produce a neutron flux in
the range of 109 to 1010 D-T neutrons per second. A 2 MHz RF-driven ion source
designed for a 5-cm-diameter neutron tube has been developed. Typical operating
parameters include repetition rates up to 100 pps, with pulse widths between 10 and 80
\xs and source operating pressure as low as 4 mTorr. By using a computer designed 100
keV accelerator column, peak extractable hydrogen current exceeding 1 A has been from
a 3-mm-diameter aperture, together with H+ yields over 94% have been achieved. An RF
impedance matching network has also been successfully miniaturized to ~5 cm diameter
and tested. For low duty factor operations, the ion source and matching circuit do not
require any cooling.

Experimental Setup

The RF-driven multicusp ion source developed at LBNL has found numerous
applications ranging from particle accelerators to proton therapy machines and ion
implantation systems [1]. Such sources are simple to operate, have long lifetimes, high
gas efficiencies and provide high density plasmas with high monatomic species yields.
These characteristics make the RF-driven ion source a viable candidate for the next
generation of compact, high-output, sealed neutron generators. An attempt has been
made to miniaturize the RF-driven ion source [2,3] and the necessary impedance
matching network to fit in a ~5-cm borehole with the goal of producing 10 to 10 l)-T
neutrons per second when coupled to a 100 kV accelerator [4],

A schematic diagram of the ion source setup is shown in Fig. 1. The system
contains three main components. The first is the RF power source which consists of a
main 70 kW (pulsed), broad band, RF power amplifier driven at 2 Ml Iz by a signal
generator. A pulse generator gates the amplifier so as to generate plasma pulses with
durations of up to 80 fxs and repetition rates up to 100 Hz.
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The second major component is the impedance matching network. It comprises a
10:1 step-down transformer and a LC tank circuit. The purpose of this network is to
match the nominal 50 Q. output impedance of the RF amplifier to the typical low
impedance (~ 1 Q) of the plasma-antenna load.

The third component is the ion source chamber and the antenna. In order to
deliver RF power to the plasma, a coupler in the form of a multi-turn induction coil is
used. This three and a half turn RF induction coil is fabricated from a solid 1.6-mm
diameter copper or stainless-steel wire. This wire is coated with a thin layer of porcelain
for electrical insulation from the conducting plasma. The antenna is immersed in a 2.5-
cm I.D., 8 cm long copper cylinder. The source is closed-off at one end with a back
flange carrying the necessary feedthroughs for the antenna, a gas inlet and a capacitance
manometer to monitor source operating pressure.

The beam extraction system, which closes off the other end of the ion source
chamber, contains two electrodes with 2-mm diameter apertures. The first electrode and
the source chamber are connected to a 0-25 kV, high voltage power supply, while the
second electrode is tied to ground. The two electrodes are separated by a distance of-2
mm. Due to the low duty factor operation (<0.1%), no water cooling is employed.

Two types of beam diagnostics are used to characterize the ion source
performance. The first is a Faraday cup to measure the total beam current and the
extractable current density. The second is a magnetic mass spectrometer with which the
hydrogen ion species distribution can be determined. Since the beam is pulsed, a sample-
and-hold circuit is used to measure the cup current of the mass spectrometer.

Experimental Results

The current density measurements were carried out with the antenna coils
centered within the source chamber as well as in the forward position, with the tip of the
induction coil 0.7 cm from the first electrode. The RF pulse width was adjusted so that
the extracted current pulse length was on the order of —10 jos.

Figure 2 shows the characteristic shape of such short pulses. The beam current
pulse taken at the forward antenna position shows a peak value of 37 mA at 6.2 mTorr
source pressure and 52 kW pulse RF input power. Figure 3 shows the extractable peak
current density versus RF input power for three different source pressures. The current
density is found to increase with increasing RF input power. This data was taken with the
antenna centered within the source chamber. The extractable current was observed to
increase by 30-50% when the antenna was moved forward.

With the RF antenna located at the center of the source, the proton concentration
was found to be in the 60-70% range, regardless of power and pressure. As the antenna
was moved forward, the H+ ion fraction increased to the 80-94% range. Figure 4 shows a
characteristic mass spectrum with -94% H+ ion yield taken at 60 kW RF input power and
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6 mTorr of source pressure. Figure 5 shows the hydrogen ion species distribution versus
RF power for source pressures ranging from 6 to 9 mTorr. The proton yield is seen to
increase with increasing power but is somewhat insensitive to pressure in this range.

Neutron Yield Estimation

In this experimental setup, the typical operating parameters are: repetition rates of
up to 100 pps with pulse widths between 10 and 80 JJS, and source pressures as low as 4
mTorr, which is essential for reducing both charge exchange and high-voltage break-
down in the accelerator column. Presently, the repetition rate is limited only by the
available RF power supply. The choice of the pulse width arises from the neutron
inelastic scattering time for the activation analysis application. In the present source
configuration, peak hydrogen current densities exceeding 1180 mA/cm2 with H+ ion
species yields over 94% have been extracted from a 2-mm-diameter exit aperture.

Although source testing was performed with hydrogen to minimize radioactive
hazards, a similar ion source performance is expected with deuterium operation. A
detailed estimate of neutron yield assuming a 50%-50% D-T discharge, 100 kV
accelerator voltage is given in Ref. [5]. The result of this calculation shows a neutron
output of 109 n/s with 60 jxA of average beam current and 80% H+ fraction. With an
available duty factor of 0.1% at 100 Hz, this average current corresponds to 60 mA/pulse.
Without cooling considerations, a neutron yield in excess of 1010 n/s can be expected
with a larger 3-mm-diameter extraction aperture and/or increase in the repetition rate of
the RF amplifier. Thus, an improvement of at least two orders in magnitude in the
neutron output (compared with commercially available D-T neutron tubes) can be
obtained with this compact RF-driven ion source and accelerator system.
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The are two main groups of ion sources for technology application. One is based on

glow and another - on arc discharge. All the sources that will be presented were designed

mostly for surface treatment technologies, which include processes of increasing wear,

hardness, corrosion resistance and decrease friction coefficient. We call it metallurgical im-

plantation, that is rather different from ion implantation in semiconductors. These sources

should provide a high dose of different ions including gaseous and metal ones (about 1017 or

even 1018 ions/cm2) on the rather big surface of about several hundreds sq. cm. for accept-

able time (maximum 20-30 minutes). It should operate in non clean or even bad vacuum

conditions, be reliable, simple and yet cheap. As a rule the ion sources for metallurgical

implantation do not have hot filaments for electron emission, ion separation or ion beam

scanning systems. This makes these sources simple and cheap.

Ion sources based on glow. For glow is typical several hundreds volts as discharge

voltage and about 1 A of current on dc mode, up to 50 A in pulsed mode. There is rather

quiet plasma which provide stable beam of gaseous ions.. To obtain better ionization effi-

ciency the glow electrons have many oscillations in the discharge system. To reach this

hollow cathode system or magnetic field are used.

One of new ion source based on glow was designed in Tomsk High Current Electron-

ics Institute (fig.l). A discharge system of this source is based on non self-sustained main

hollow cathode discharge with external electron injection from a keeping assistance dis-

charge. There are several stages during the source operation. First there is short spark, that

provides initial plasma for the keeping discharge ignition. Then as second stage there is the

keeping discharge, that generates electrons for the main (basic) hollow cathode. Because of

small anode area and reflection from the hollow cathode walls the plasma electrons make

multiply ionization before leaving the discharge volume. For a conventional glow about

90% of cathode current is the ion fraction, so small portions of addition electrons (for ex-

ample 10%) is equal increasing of plasma density of a factor about 2. It can provide possi-

bility of operation in lower pressure and(or) decreasing of discharge voltage. Increasing of

the keeping discharge currents moves discharge operation to low pressure. It is possible to
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have low voltage glow and rather high current ion beam under the pressure as low as 5xlO5

Torr. This makes up possible to create very broad beam , because with the big emission

area it is hard to create a pressure drop between discharge and extraction areas. With addi-

tional external electrons the discharge voltage can be as small as about 100 V. Low voltage

is important if we are looking for small contamination of the ion beam. Compared with

conventional glow voltage of about 400 V the beam contamination by metal ions, that are

sputtered from the electrodes during the discharge, is 100 times lower and does not exceed

0.1%. With acceleration voltage of 30 kV this source generates up to 20 mA of gaseous ions,

including such active as oxygen, on the surface of about 100 cm2. Application areas of the

source are cleaning surface before deposition and ion beam assisted deposition technology.

For more details please see[l].

Ion sources based on vacuum arc ( known as MEVVA ion sources) are attractive

due to possibilities of generation high current broad beam of metal ions. There are two

main areas of it's applications : ion implantation and accelerator injection. The source is

based on vacuum arc phenomena. Vacuum arc is a discharge with metal plasma, which is

evaporated from the small size cathodic spot . The spot is not stable and it moves on the

surface during the pulse. The ions are extracted from the anode plasma. Kind of ions de-

pends on cathode materials and can be any metal or other conductive solid materials from

periodic TABLE. This is the only pure metal high current ion source. Typically vacuum arc

ion source works in pulsed mode with the pulse length about half millisecond and repetition

rate up to 50 pps.

Way of development the MEVVA type ion sources is connected with using magnetic

field that can influence not only on electrons but also on ion component of the plasma.

Fig.2 presents a basic version of MEVVA-5 ion source, upgraded by small solenoid coil,

gas feeding and new trigger, based on assistance Penning discharge in crossed ExB field.

Increasing the pulsed magnetic field strength up to I T leads to enhance high charge state

components in vacuum arc plasma and extracted ion beam. At the same time low charge

states have fallen. This result was confirmed for all cathode materials used in our experi-

ments. With the high magnetic field new high charge state fractions can be formed that are

not present in the zero-field case : C3+, Ti5+, Ni6+, Cr5+, Pt5+, Mn4+, Ba3+, Ba4+, Bi4+, Mo6+,

U6+ and others. It is important to add that high charge state fractions request very low

background gas pressure. We used to have vacuum conditions better then 106 mbar. Even

weak increase the pressure can destroy generation of multiply charged ions. Variation of

the vacuum arc current values if it more the 1 kA can also influence on charge state distri-

butions. Using a strong pulsed magnetic field it was possible to obtain after separation for

some cathode materials the following maximum current value with a pulse duration about 1
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ms: Mg2+ - 70 mA, Ti3+ - 40 mA, Ni3+- 30 mA and U4+ - 40 mA. Beside magnetic field and

arc current, the pulse repetition rate, and background gas pressure have also influence on

charge state distribution of the ions in the beam.. When we increase the pressure it leads to

decrease high charge states and, of course, mean charge state, but in this case together with

metal MEVVA type ion source can generate gaseous ion and produce mixed gas-metal ion

beams.. With optimal magnetic field and gas pressure it is possible to have ratio of gase-

ous/metal ions in the beam as 1:1. Treatment of the metal surface for example by Ti-N

beam leaded to increasing the wear in tens times due to lower friction coefficient.

Another version of vacuum arc ion source is GSI-MEVVA-4 ion source (fig.3). This

source is mostly for generation of high current multiply charged metal ions and it injection

to GSI UNILAC accelerator. This source should provide not only high current multiply

metal ions , but there also very important to have stable and quiet beam will zero noise level

and very good pulse to pulse reproducibility. Instead of one coil it has two of them , one

pulsed is inside and other dc - outside the source. It also has two grids which are electrically

separated. So in this source we tried to solve a rather complicated problem: not only to en-

hance high charge states, but to obtain very good beam quality in every beam pulse. Using

weak dc magnetic field from a big coil together with negative potential we have reached

decreasing of the noise. The beam stability can be also improved if two coils produce mag-

netic field in opposite directions. This method is rather good with strong magnetic field.

Beam noise and stability depend on cathode material, using the same method, one cat get

with some material very good beam quality. And what is also interesting - possibility of

controlling the charge state distribution in vacuum arc ion sources. Good example is mag-

nesium cathode. In conventional mode of vacuum arc with magnesium cathode about 70%

of total ion beam current is double charged ions and just 30% are single ions. When we are

looking for more single ions an increasing of the gas pressure can be used. With the addi-

tional gas we can change the distribution, so now most part are single charged ions.

Institute of Low Energy Nuclear Physics of Beijing Normal University in China de-

velops MEVVA-2 ion source. To obtain longer lifetime they use cathode motion inside the

source which replace the sputtered cathode surface by new one. A colenoidal coil was also

used in this source and beside another advantage it also provided improvement of beam

uniformity.

The vacuum arc ion source TITAN (fig.4) was designed in Tomsk High Current Elec-

tronics Institute. This source consist two discharge systems one for generated gaseous ions ,

it is very similar to Duoplasmatron source and another to vacuum arc. First system to-

gether with gaseous ions provide triggering of vacuum arc, so this source has tree mode of

operation, just gaseous ion source, metal ion source with long lifetime trigger system and at
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last it also provides mixed gaseous-metal ion beam, that is important for implantation if we

are looking for ceramic layer inside the treatment surface. A new trigger system based on

Penning discharge was developed and it gave a stable ignition more then 10 million pulses

with the very low pressure, when there is no any influence of residual gas pressure on

charge stare distribution and another beam parameters. A dc version of the source was also

made. Also see [2-17].
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